ABSTRACT Fertilization involves multiple layers of sperm-egg interactions that lead to gamete fusion and egg activation. There must be specific molecules required for these interactions. The challenge is to determine the identity of the genes encoding these molecules and how their protein products function. The nematode worm Caenorhabditis elegans has emerged as an efficient model system for gene discovery and understanding the molecular mechanisms of fertilization. The primary advantage of the C. elegans system is the ability to isolate and maintain mutants that affect sperm or eggs and no other cells. In this review we describe progress and challenges in the analysis of genes required for gamete interactions and egg activation in the worm.
Introduction
The major events of fertilization and egg activation have been well described for many species and there has been exciting progress in identifying the molecules that mediate the many steps of fertilization (see other reviews in this issue). However, a full understanding of gamete interactions at the molecular level in any species will require the identification of all of the key cellular Miller, 2006; Piano et al., 2006) . Finally, C. elegans are transparent allowing direct observation of gametes and reproductive events ( Fig. 1) (L'Hernault, 2006) .
General features of C. elegans reproductive biology
C. elegans can exist as hermaphrodites (Fig. 1A) or males (Fig. 1B) . Hermaphrodite worms produce both sperm and oocytes, albeit at different time points, allowing for self-fertilization (Ward and Carrel, 1979) . Male worms only produce sperm, and are able to produce outcross progeny when mated to hermaphrodites. Oocytes mature and are ovulated about every 20 minutes from the oviduct (McCarter et al., 1999) (Fig. 1C) . Fertilization occurs in the hermaphrodite when oocytes enter the spermatheca and come in contact with sperm (Samuel et al., 2001; Ward and Carrel, 1979) . Although oocytes will contact many sperm simultaneously in the spermatheca, only a single sperm enters each oocyte. The block to polyspermy and its exact relationship to egg activation is not known.
The union of sperm and egg at fertilization triggers egg activation and converts the egg into a developing embryo. The triggers and specific events of egg activation vary from species to species (Ducibella et al., 2006; Jones, 2005; Tsaadon et al., 2006) . In C. elegans, egg activation includes an increase of intracellular calcium, the proper completion of meiosis and polar body formation, the reorganization of the cortical actin cytoskeleton, and dynamic remodeling of the oocyte surface with secretion of a chitin eggshell (Maruyama et al., 2007; Samuel et al., 2001; Singson, 2001; . These events are completed as the egg moves through the spermatheca and uterus.
Eggs are laid prior to the completion of embryogenesis and the hatching of juvenile worms. If a worm is infertile due to mutations that affect gamete function at fertilization (see below), the uterus fills with unfertilized oocytes (Fig 1D) . These unfertilized and dying oocytes become endomitotic and are also laid by hermaphrodites (Ward and Carrel, 1979) .
The amoeboid sperm and thinly coated oocytes of C. elegans
There are several differences between nematode and mammalian gametes. C. elegans sperm are amoeboid and lack flagella and acrosomes familiar to mammalian sperm (Fig. 1E, F) . Oocytes do not have a thick egg coat but do have a recently defined thin vitelline layer and a cortical granule reaction (Bembenek et al., 2007) . Despite these differences, both nematode and mammalian gametes have to accomplish the same fundamental tasks: the sperm must be able to acquire motility, locate and move toward an oocyte, bind to/fuse with the oocyte and provide paternal contributions to the zygote; the oocyte must be able to undergo egg activation once fertilization has occurred and provide most of the raw material to support embryogenesis.
C. elegans sperm seem to be well adapted to the crowded environment of the worm reproductive tract and display complex cellular behaviors (Bottino et al., 2002; Kubagawa et al., 2006; Theriot, 1996) . After undergoing spermiogenesis or sperm activation and gaining motility (Shakes and Ward, 1989b; Singson, 2006; Ward et al., 1983) , sperm must crawl towards the spermatheca and maintain their position in the reproductive tract against a continual flow of eggs. Sperm migratory behavior and recruitment to oocytes is regulated by a prostaglandin-like signal(s) (Kubagawa et al., 2006) . Polyunsaturated fatty acid precursors of this signal are transported from the intestine to the yolk of developing oocytes. The full nature of the signal-generating pathway, its release by oocytes, and detection by sperm remains to be elucidated. In some fertilization defective mutants, sperm may be confused by the presence of unfertilized oocytes in the uterus. In these mutants, sperm are lost rapidly and get swept out of the reproductive tract (Kadandale et al., 2005; L'Hernault et al., 1988) . However, the underlying mechanism of sperm loss in these mutants is unknown.
Sterile mutants
A list of known gamete function and egg activation genes are listed in Table 1 and their predicted protein products are shown schematically in Figure 2 . All of these genes are defined by loss of function mutations that lead to sterility. The sterile phenotypes and mutations associated with these genes are generated in various ways. The most common approach is random mutagenesis and the selection of animals with fertility defects (Anderson, 1995; Jorgensen and Mango, 2002; L'Hernault et al., 1988; Ward et al., 1981) . Based on allele frequency, many more sterile 
Sperm function molecules
spe-9 encodes an EGF repeat transmembrane molecule The spe-9 mutant phenotype is considered the prototypical phenotype for sperm function mutations, because it was the first such gene identified (L'Hernault et al., 1988; Singson et al., 1998) , and subsequent genes with similar characteristics are said to belong to the spe-9 class (Singson, 2001 ). The first spe-9 mutants were originally selected as hermaphrodites that could not produce self-progeny but were able to produce outcross-progeny when mated to wild-type males (L'Hernault et al., 1988) . Male spe-9 mutants are also sterile. Both hermaphrodite and male spe-9 mutant animals produce sperm that are morphologically indistinguishable from wild-type sperm. Furthermore, spe-9 mutant sperm are fully motile, have no problem crawling to the spermatheca and contacting oocytes. Although these sperm reach the proper location for fertilization and contact oocytes, they cannot enter the oocytes. Taken together, these data indicate that spe-9 mutants do not have a defect in spermatogenesis or general mutants should be isolated (L'Hernault, 2006; L'Hernault et al., 1988) . Once identified, sterility-causing mutations are maintained by genetic manipulations available in the worm. These genetic manipulations include various crossing, fertile sibling selection or balancer chromosome schemes (Edgley et al., 1995; Hodgkin, 1999; Singson, 2001) .
Reverse genetics and gene knockout have been another fruitful approach that has identified important fertilization molecules (Geldziler et al., 2004) . C. elegans was the first multicellular organism to have a completely sequenced genome (Hodgkin et al., 1995) . C. elegans biologists are avid consumers of genomic data and our lab has used this approach to investigate the role of molecules that are specifically expressed in sperm or oocytes (Geldziler et al., 2006; Geldziler et al., 2005; Kadandale et al., 2005; Reinke et al., 2000) . Once a gene of interest has been identified, its function can be tested by isolating a knockout of the gene or using double strand RNA interference (RNAi, see below) (Fire, 1999; Fire et al., 1998) . Gene knockouts can be requested from the various C. elegans knockout consortiums or generated following standard protocols (Barstead, 1999) .
Additional fertility phenotypes can be generated by RNAi (Kadandale et al., 2005; Maeda et al., 2001; Maruyama et al., 2007) . However RNAi has important limitations to consider. RNAi "knockdown" is only a phenocopy of loss of function mutations and are not transmitted following the rules of Mendelian inheritance. Phenotypes generated by RNAi may not always represent a full loss of function. Therefore, it is important to follow up RNAi experiments with the analysis of "real" mutations generated by random mutagenesis or gene knockout. Furthermore, many genes are refractory to RNAi. Sperm genes are particularly insensitive to RNAi (Singson, 2001) .
It is important to note that there are a large number of "sterile" mutants that have been isolated in C. elegans. For instance, there are many mutations that cause defects in gametogenesis or germline development and proliferation (Hubbard and Greenstein, 2000; Hubbard and Greenstein, 2005; L'Hernault, 2006) . Male fertility can be confounded by an inability to mate with hermaphrodites (Hodgkin, 1983) . There are scores of mutations that cause embryonic lethality (Schnabel and Priess, 1997) . Since these mutant animals produce no viable progeny, they are often labeled as sterile.
The specific fertility mutants that we will discuss in the remainder of this review will be divided into two main classes. These two classes are "sperm function" and "egg function" mutant genes. The C. elegans community is ruled by strict gene nomenclature guidelines (Hodgkin, 1997) . Sperm-sterile mutants are referred to as spe for spermatogenesis defective or fer for fertilization defective while egg sterile mutants are referred to as egg for eggsterile. Specifically, spe and fer mutants are the mammalian equivalent of paternal infertility. Therefore spe and fer mutant hermaphrodites and males produce sperm that are incapable of fertilizing and/or activating wild-type oocytes. However, spe and fer mutant hermaphrodites can produce progeny when crossed to wild-type males as a source of functional sperm. On the other hand, egg mutants suffer from the worm equivalent of maternal infertility. These mutants produce oocytes that cannot be fertilized and/or be activated by wild-type sperm. When egg hermaphrodites are crossed to wild-type males no progeny are produced. Furthermore, male worms carrying egg sterile mutants produce sperm behavior but rather have a defect in sperm function required specifically for fertilization.
The SPE-9 protein is a single-pass transmembrane molecule with a relatively short cytoplasmic tail and an extracellular domain that contains 10 epidermal growth factor (EGF)-like repeats (Fig.  2 , Table 1 ) (Singson et al., 1998) . Molecules that feature EGF-like motifs are involved in extracellular functions such as adhesive or ligand receptor interactions (Davis, 1990) . Sequence analysis suggested that SPE-9 is most closely related to ligands of the Notch/LIN-12/GLP-1 family of transmembrane receptors (Singson et al., 1998) . Immunofluorescence experiments confirmed the predicted topology of SPE-9 (Zannoni et al., 2003) . Further, these experiments showed that SPE-9 displayed a dynamic localization pattern during spermiogenesis (post meiotic sperm differentiation) (Fig. 3) . In round, non-motile spermatids, SPE-9 localized to the plasma membrane. In mature sperm, SPE-9 localized to the pseudopod. The localization of SPE-9 to the pseudopod of mature sperm suggests that like sperm from other nematodes, the pseudopod not only provides motility but is a key cellular region for penetrating the egg coat and interacting with the oocyte plasma membrane (Foor, 1968; Zannoni et al., 2003) . The molecular nature of SPE-9 and its localization to the sperm surface support the hypothesis that SPE-9 functions as a sperm ligand for an oocyte receptor (Fig. 4) .
Various regions of the SPE-9 protein have been shown to be critical for function and may influence the specificity of molecular interactions with other molecules (Putiri et al., 2004; Singson et al., 1998) . Sequencing of mutant alleles found that the extracellular domain and EGF repeats of SPE-9 are critical for function. The EGF motifs in the extracellular domain of SPE-9 are also the most highly conserved regions with respect to homologues in other nematode species (Geldziler et al., 2006) . Transgenic animals carrying differentially mutated versions of spe-9 had fertility phenotypes that ranged from wild-type to complete sterility. Removal of repeats 2-6, 6-10, or 2-10 results in a completely inactive protein. Individual point mutations in all 10 EGF motifs uncovered a differential sensitivity of these sequences to alteration. Some EGF repeats cannot tolerate mutation leading to a complete lack of fertility in transgenic animals. Other EGF sequences can be mutated to create animals with temperature sensitive (ts) fertility phenotypes. All ts mutations were generated by changing either conserved cysteine or glycine residues in the EGF motifs. Because EGF motifs are found in many proteins in different species, similar experimental strategies could be used to generate useful ts mutations in other EGF motif-containing molecules. SPE-9 constructs lacking the transmembrane domain are non-functional, suggesting that SPE-9 needs to be present on the sperm surface for function. Unlike its extracellular and transmembrane counterparts, the cytoplasmic tail of SPE-9 is not required for its function, suggesting that SPE-9 does not itself regulate sperm physiology or behavior. Additionally, since very little SPE-9 is required for full fertility, it is more likely to function as a signaling molecule as opposed to an adhesion molecule (Putiri et al., 2004) . Recent preliminary biochemical analysis indicates that the extracellular domain of SPE-9 can form dimers in solution and can bind to oocytes (B. Kong, A. Xu and A. Singson, unpublished) . An important challenge will be to identify the oocyte receptor for SPE-9 (Fig. 4, see below) .
spe-38 encodes a novel four-pass integral membrane molecule
The spe-38 gene is a member of the spe-9 class and therefore displays the same mutant fertility phenotypes as described above. For example, spe-38 mutant sperm are incapable of fertilizing wild-type oocytes regardless of whether they are hermaphroditeor male-derived . spe-38 sperm are indistinguishable from wild-type sperm with regards to morphology, motility and migratory behavior. The spe-38 gene is predicted to encode a novel four-pass integral membrane protein (Fig. 2) . Structurally similar four-pass molecules have been implicated in processes such as gamete adhesion/fusion in mammals, membrane adhesion/fusion during yeast mating and the formation/function of tight-junctions in metazoa . The biochemical activity of SPE-38 and many other structurally related molecules is unknown. Studies on SPE-38 could ultimately provide information about the biochemical activity of many of these structurally related molecules.
Immunofluorescence experiments revealed that SPE-38 has a dynamic distribution pattern that partially overlaps with that of SPE-9 (Fig. 3) . In spermatids, SPE-38 is found in unique sperm vesicles called the membranous organelles (MOs). During spermiogenesis, the MOs fuse with the plasma membrane and form a permanent fusion pore in mature sperm (Fig. 1F) (Roberts et al., 1986; Shakes and Ward, 1989a; Ward et al., 1983) . Glycoproteins, SPE-38 and SPE-41/TRP-3 (Fig. 3, see below) are released to the cell surface upon MO fusion with the plasma membrane. Once on the cell surface, SPE-38 
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A becomes restricted to the pseudopod in a distribution that is identical to SPE-9. Blocking MO fusion blocks SPE-38 translocation to the cell surface and the pseudopod. These results demonstrate that in addition to the sperm cell surface being morphologically and molecularly mosaic, there are multiple paths for proteins to reach the sperm cell surface and the pseudopod. Determining if SPE-38 has a biochemical function in MOs and/or the pseudopod during gamete interactions is an important future challenge. Live cell staining partially confirms the topology prediction for SPE-38 and demonstrates that at least part of the protein is extracellular in mature sperm. This extracellular loop could potentially interact with oocyte surface molecules during fertilization.
spe-41/trp-3 encodes a TRPC calcium channel
spe-41/trp-3 shares the same general fertility phenotypes common to other spe-9 class mutants (Xu and Sternberg, 2003) . However, there is an important difference with regards to the requirement for this gene. Unlike all of the other spe-9 class mutants, null alleles of spe-41/trp-3 are not completely sterile. Unmated mutant hermaphrodites are capable of producing very small broods of about 5% of the size of wild-type broods. Therefore, SPE-41/TRP-3 is not absolutely essential for fertilization. It is possible that this residual level of fertility depends on the activity of some other partially redundant channel protein in sperm.
SPE-41/TRP-3 is a member of the transient receptor potentialcanonical (TRPC) family of channel proteins (Fig. 2) (Xu and Sternberg, 2003) . The loss of TRP-3 in C. elegans is correlated with a defect in calcium influx in activated sperm. Calcium influx in mammalian sperm is associated with the regulation of membrane fusion events (Jungnickel et al., 2001; Jungnickel et al., 2003) . This defect in worm sperm calcium influx suggests that spe-41/trp-3 may be involved in mediating sperm-oocyte fusion. TRP channels are also known to play a role in regulating sperm motility (Castellano et al., 2003) . However, spe-41/trp-3 mutant sperm do not have any detectable defects in motility or migratory behavior (Xu and Sternberg, 2003) .
The subcellular localization of SPE-41/TRP-3 has been determined and it displays yet another unique and dynamic localization pattern (Fig. 3) (Xu and Sternberg, 2003) . Like SPE-38, SPE-41/ TRP-3 is located in spermatid MOs. Its movement to the sperm surface is also dependent on MO fusion and this may be important for the regulation of channel activity. However, unlike SPE-9 and SPE-38, SPE-41/TRP-3 does not accumulate in any particular region of the plasma membrane of mature sperm.
spe-42 encodes a DC-STAMP domain seven-pass integral membrane molecule
Mutations in the spe-42 gene display a classic spe-9 class mutant phenotype (Kroft et al., 2005) . The lack of functional SPE-42 does not affect the localization of SPE-9, SPE-41/TRP-3 and (Hartgers et al., 2000) . The mammalian DC-STAMP protein is required for osteoclast precursor cell fusion (Kukita et al., 2004) . It is striking that another DC-STAMP domain protein Sneaky is an acrosomal membrane protein that is required for plasma membrane breakdown during Drosophila fertilization (Wilson et al., 2006) . It is an intriguing possibility that SPE-42 is in some way mediating C. elegans sperm-egg fusion. Localization data as well as experiments designed to determine the biochemical activity of SPE-42 should help address this question.
Other spe-9 class genes
There are a number of other known mutations that cause worms to display a spe-9 class mutant phenotype (Table 1) . These genes include spe-13, spe-36 and fer-14. The spe-13 gene is somewhat unique in the fact that although a fair number of mutant alleles have been identified, they are all temperature sensitive (E. Putiri and A. Singson, unpublished observations) (L' Hernault et al., 1988) . Cloning of the fer-14 gene has not yet been published. However, it is predicted to encode a novel single-pass transmembrane molecule (T. Kroft and S. L'Hernault, personal communication). The molecular identification and subsequent analysis of these molecules will substantially increase our understanding of worm fertilization.
The paternal effect lethal gene spe-11: a sperm gene required for egg activation
The spe-11 gene has a unique mutant phenotype. Sperm produced by spe-11 mutants enter oocytes. However these zygotes behave like unfertilized oocytes (Browning and Strome, 1996; Hill et al., 1989; L'Hernault et al., 1988; McNally and McNally, 2005; Roush, 1996) . Oocytes fertilized by sperm produced by spe-11 mutants exhibit defects in meiosis, do not produce polar bodies, have defects in embryonic polarity, and do not secrete an eggshell (Hill et al., 1989; McNally and McNally, 2005) . These mutant defects indicate that SPE-11 is not required for fertilization but rather is required for egg activation. It is striking that phenotypes that are similar to spe-11 mutants can be generated by interfering with actin polymerization by Latrunculin A treatment or knockdown of the actin regulator profilin (Yang et al., 2003) . As in other systems, there is a strong connection between the dynamics of the cytoskeleton and egg activation in C. elegans Sun and Schatten, 2006) .
The predicted protein encoded by the spe-11 gene is a novel 36 kDA cytoplasmic molecule that localizes to puncta associated with a sperm perinuclear halo (Browning and Strome, 1996) . The significance of this localization in sperm is not clear. Particularly since the zygote does not necessarily need to obtain SPE-11 from sperm. Transgenic animals ectopically expressing SPE-11 in oocytes can be fertilized by sperm lacking SPE-11 to produce viable progeny (Browning and Strome, 1996) . An important future direction will not only be to discover how SPE-11 functions biochemically but also to determine if there are other sperm factors that are required for egg activation.
Egg function genes
The identification and characterization of egg function molecules is just as important as the identification of sperm molecules. Mutations that effect only egg function at fertilization or egg activation have been more difficult to isolate and maintain than their sperm counterparts. However, reverse genetic approaches (Kadandale et al., 2005; Maruyama et al., 2007) and promising genetic screening strategies for identifying conditional egg sterile mutants (E. Putiri, I. Chatterjee and A. Singson, unpublished) have made promising inroads with regards to this problem. The genes discussed here represent a promising start towards the study of this side of the fertilization equation in C. elegans (Fig. 2, Table 1 ).
egg-1 and egg-2 encode partially redundant LDL receptor repeat-containing transmembrane molecules
Genome analysis and reverse genetics was used to identify the first candidate oocyte components of the fertilization machinery in C. elegans (Kadandale et al., 2005) . Microarray data (Reinke et al., 2004) was examined for genes that display an oocyte-enriched expression pattern and encode transmembrane molecules with features or motifs known to be involved in ligand-receptor and cell-cell interactions. The first two genes to be studied in depth were egg-1 and egg-2 (Kadandale et al., 2005) (Table 1 ). These two genes encode type II transmembrane molecules with extracellular domains that contain arrays of eight low density lipoprotein (LDL)-receptor-repeats (Fig. 2) .
The function of the egg-1 and egg-2 genes was assessed with a combination of RNAi and gene knockouts (Kadandale et al., 2005) . Loss of function mutants or RNAi treated animals had no detectable somatic or gametogenesis defects. However, egg-1 and egg-2 are required semi-redundantly for hermaphrodite fertility. Loss of function of either egg-1 or egg-2 can lead to severely decreased hermaphrodite fertility. Loss of both genes leads to complete hermaphrodite sterility and wildtype sperm cannot enter the oocytes produced by these animals despite gamete contact. In contrast to this observation, male worms lacking egg-1 and egg-2 function have normal sperm production and fertility.
In order to investigate more fully the expression of EGG-1 and EGG-2 as well as determine their subcellular localization, transgenic worm strains carrying green fluorescent protein (GFP) fusions for these genes were created (Kadandale et al., 2005) . When driven by their own promoters, EGG-1:GFP and EGG-2:GFP are restricted to the oocyte producing adult germline consistent with other reported expression data (Lee and Schedl, 2001; Reinke et al., 2004) . Furthermore, the predicted topology and plasma membrane localization of EGG-1 was confirmed taking advantage of N-terminal and C-terminal GFP fusions and immunofluorescence. A simple model for EGG-1/ EGG-2 is that they function as oocyte surface receptors for sperm (Fig. 4) . It will be critical to investigate the exact role of EGG-1 and EGG-2 in fertilization by identifying binding part-ners on the sperm surface (see below).
The egg-1 and egg-2 genes were likely the result of a gene duplication in the species lineage leading to C. elegans. There are single egg-1/egg-2 orthologues in the related nematode species C. briggsae and C. remanei (Kadandale et al., 2005) , which are also required for fertility in these species. This gene duplication could give C. elegans a reproductive advantage and allow fecundity in a wider range of environmental conditions. In metazoa, LDL-receptor-related molecules are known to function as receptors for a wide variety of ligands and mediate a wide variety of cellular responses (Nykjaer and Willnow, 2002) . In worms, LDL-receptor-related molecules are known to function in yolk uptake and fat metabolism (Ashrafi et al., 2003; Grant and Hirsh, 1999) . It is intriguing to speculate that the egg-1/egg-2 genes evolved a role in sperm binding from ancestral genes involved in oocyte yolk uptake.
In addition to defects in fertilization, it was discovered that egg-1 mutants ovulated at levels that were considerably lower than wild-type controls (Kadandale et al., 2005) . High levels of meiotic maturation and ovulation are known to require a sperm signal/sensing mechanism Govindan et al., 2006; Kosinski et al., 2005; McCarter et al., 1999) . Mutants that are defective in this mechanism or lack sperm exhibit low meiotic maturation/ovulation level phenotypes similar to those seen in egg-1 mutants. In egg-1 mutants, at least part of the reduced ovulation levels is due to a loss of sperm (and thus loss of signal) from the reproductive tract. It was found that normal sperm had altered migratory behavior and that egg-1 mutants were not maintaining a concentrated sperm population in the spermatheca. This discovery indicates the existence of previously unappreciated layers of regulation that help coordinate sperm migratory behavior and proper levels of meiotic maturation/ovulation with successful fertilization. Work with other fertility mutants has suggested that there are indeed differential effects on sperm loss and the coordination of fertilization with meiotic maturation/ovulation rates in C. elegans L'Hernault et al., 1988; McGovern et al., 2007) .
egg-3 encodes a protein tyrosine phosphatase-like (PTPL) family protein that is required for key aspects of egg activation
The egg-3 gene was initially identified as having a role in C. elegans fertility through a genome wide RNAi screen (Maeda et al., 2001) . Gene knockout or RNAi of egg-3 resulted in sterile hermaphrodites while male fertility was unaffected (Maruyama et al., 2007) . Gamete production, development and meiotic maturation were normal in egg-3 mutant hermaphrodites. Furthermore, egg-3 hermaphrodites were completely sterile and produced no progeny when crossed to wild-type males. Detailed phenotypic analysis revealed that wild-type sperm could enter oocytes produced by egg-3 mutants and that the block to polyspermy was intact. However, egg-3 mutant oocytes have defects in the polarized dispersal of F-actin after sperm entry. Additionally, egg-3 mutant oocytes had other activation phenotypes that were strikingly similar to those that were described for spe-11 mutants (see above). This is an exciting result because it represents a rare gene pair (SPE-11 required in sperm and EGG-3 required in oocytes) that has the same mutant consequences on the zygote. Therefore EGG-3 is required for detecting a sperm entry signal(s) that includes or is dependent on SPE-11 function and triggers egg activation (Fig. 5) .
The egg-3 gene encodes a member of the protein tyrosine phosphatase-like (PTPL) family (Maruyama et al., 2007; . PTPL motifs lack key catalytic residues and are thought to encode inactive "anti-phosphatase" molecules. Anti-phosphatases are thought to function as competitors for active phosphatases or as scaffolds/adaptors with a role in regulating signaling or sequestering other molecules.
GFP fusions and antibody staining experiments revealed that After sperm-egg fusion, egg activation is dependent of the activity of SPE-11. The EGG-3 complex then regulates eggshell formation, F-actin dynamics, the turnover of maternal proteins, meiosis/polar body formation, and other egg activation events.
EGG-3 is associated with the oocyte plasma membrane/cortex of developing oocytes. EGG-3 later disperses to cortical foci during meiotic anaphase I before being degraded (Maruyama et al., 2007; . This dynamic localization pattern is not dependent on fertilization but is dependent on meiotic cell cycle progression. Furthermore, defects in meiosis are seen after anaphase I suggesting that the release of EGG-3 from its plasma membrane association must be important for its function. EGG-3 was found to colocalize with CHS-1 and MBK-2. CHS-1 is a large channel protein required for eggshell synthesis and secretion (Johnston et al., 2006; Zhang et al., 2005) while MBK-2 encodes a DYRK kinase required to mark maternal proteins for degradation during early zygotic development (Pellettieri et al., 2003; Stitzel et al., 2006) . The localization of EGG-3 and CHS-1 to the oocyte plasma membrane/cortex are interdependent. Both EGG-3 and CHS-1 are required for the proper localization of MBK-2. Biochemical analysis has shown that EGG-3 and MBK-2 can bind to each other . Binding and redistribution of EGG-3 and associated proteins in mei-otic anaphase is likely to regulate the timing of activity and/or access of molecules like MBK-2 to cytoplasmic targets (Govindan and Greenstein, 2007; Stitzel et al., 2006) . Taken together, this data indicates that EGG-3 is in a position to influence the localization, access to substrates, and/or activity of molecular effectors of egg activation. The mutant phenotype of egg-3, chs-1, and spe-11 are similar. (Maruyama et al., 2007; McNally and McNally, 2005; Pellettieri et al., 2003; Stitzel et al., 2006) . In contrast, mbk-2 mutant defects are not as severe (Pang et al., 2004; Pellettieri et al., 2003) . For instance, an eggshell is formed in mbk-2 mutants. Further, the localization of EGG-3 and CHS-1 are not dependent on MBK-2 (Maruyama et al., 2007; . If MBK-2 were the only molecule regulated by EGG-3/CHS-1, then we would expect all of these genes to have identical mutant phenotypes. Therefore, EGG-3 is likely to regulate other effectors of egg activation.
We propose that EGG-3 and associated molecules form an oocyte membrane associated/cortex complex that is required for egg activation. A model for this complex that includes additional proteins suggested by recent experiments (R. Maruyama, R. Klancer, J. Parry and A. Singson, unpublished) and its outputs are shown in Figure 5 . In this model, sperm entry is detected in a SPE-11 dependent fashion by the EGG-3 complex. Various key aspects of egg activation are then regulated by the output of this complex. Finding additional components of this complex and its relationship to other aspects of egg activation such as calcium influx regulation are critical future directions. It will also be interesting to determine the relationship between SPE-11 and the EGG-3 complex.
Future Directions

Identification of additional genes and determining their molecular nature
There must be many molecules that mediate the molecular underpinnings of the steps of fertilization in worms. It is improbable that the few molecules introduced in this review can mediate all the required steps. Therefore, at least with regards to our understanding of fertilization in C. elegans, we are still in the early gene discovery phase. There is a critical need to continue to screen for and isolate mutations that specifically affect sperm or egg function. Although a relatively groundbreaking approach in its application towards understanding fertilization, saturation screening is by no means a new idea in worms or other model systems (Jorgensen and Mango, 2002) . Finally, not every gene required for fertilization will be gamete specific. The molecules that also have roles in somatic tissue will have to be discovered with novel genetic screening, genomic or biochemical based strategies.
Making mechanistic connections between known molecules
Making many mechanistic connections between the few currently known fertilization molecules is a bit of a long shot based on the many complex steps that must exist for successful fertilization in C. elegans. However, with an eye towards this goal, priority has been given to the study of some potential interactions.
EGG-1 and EGG-2 were attractive candidate receptors for SPE-9 (Fig. 4) . Recent preliminary biochemical analysis suggest that the extracellular domains of SPE-9 and EGG-1 are not sufficient for binding to each other in vitro or when expressed on the surface of Drosophila cells in culture (B. Kong, A. StewartMichaelis, J. Bair, A. Xu and A. Singson, unpublished) . This result suggests that the model in Figure 4B is correct and there are still important molecules on the surface of both sperm and oocytes that need to be identified.
With the localization patterns of several sperm molecules known (Fig. 3) , it is possible to screen for mutant interacting genes that alter these patterns. SPE-38 and SPE-41/TRP-3 both localize to MOs in spermatids (Fig. 3) Xu and Sternberg, 2003) . SPE-38 is not required for MO fusion with the plasma membrane or for the maintenance of plasma membrane domains . However, it has recently been discovered that SPE-38 function is required for SPE-41/TRP-3 translocation to the plasma membrane (I. Chatterjee and A. Singson, unpublished) . TRP family ion channels are ubiquitous and have diverse roles other than their roles in sperm motility and function (Jungnickel et al., 2001; Jungnickel et al., 2003; KahnKirby and Bargmann, 2006; Montell, 2004) . The control of TRP channel subcellular localization and trafficking (particularly to the plasma membrane) is one of the most important yet least understood aspect of their regulation (Montell, 2004) . A full investigation of this interaction could shed light on the regulation of TRP channel localization in other cellular contexts such as such as in neurite extension.
Perspectives
When reviewing progress in any model system, it is important to keep in mind how these studies can inform us with regards to work in other systems. All of the genes discussed in this review have homologues in other nematode species and several have been shown to have conserved functions (Geldziler et al., 2006; Kadandale et al., 2005; Maruyama et al., 2007) . Reproductive proteins are known to diverge rapidly (Swanson and Vacquier, 2002; Vacquier, 1998) . However, understanding the diversity of reproductive strategies can give us insights into the mechanisms of evolution and how nature deals with the universal issues of how cells interact with each other and their environment. In at least this way, continuing work in C. elegans will help us understand the common miracle of fertilization.
